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Identification of a novel liquid phosphate phosphattHPRG-l (plasticity related gene-1) 
involved in axonal outgrowth and regenerative sprouting 

Description 



Axons in the central nervous system (CNS) elongate through the extracellular space over long 
distances (7), This occurs during development (2J0 and during axonal sprouting in response 
to partial deafferentation (4, 5). The extracellular space, however, is an outgrowth repellent 
environment that allows axonal elongation ' only under- specific molecular , conditions (6). 
Molecules involved in axonal outgrowth, such as semaphorins, netrins, or ephrins (7, 8, 9, 
10), are able to transduce outgrowth promoting as. well as inhibiting signals to elongating 
axons via specific receptors. Here, we provide evidence for a novel molecular mechanism by 
which axons are able to elongate in a phosphoHpid-rich environment that would normally 
inhibit outgrowth of fibers (11, 12). Specific upregulation of this novel member of the lipid 
phosphate, phosphatase (LPP) family acting an ecto-enzyme on axons allows local 
depletion of lipid phosphates, enabling fiber outgrowth through the repellent extracellular 
environment. 

In the hippocampus, afferent connections from the entorhinalcortex enter in a layer-specific 
manner during development (13). This specific axorial navigation depends on molecular cues 
expressed along the pathway and in the target region {13). Transection of entorhinal axons in 
the adult leads to a specific deafferentation in the hippocampus with subsequent regenerative 
axon sprouting by remaining afferehts into the denervated zones (4, 14). In an attempt to 
identify the molecular cues that govern this structural plasticity, we performed a differential 
cDNA screening approach for mRNAs specifically upregulated during development and in 
the iesioned hippocampus (/5). We identified a new gene of 716 amino acids (aa) (Fig. 1A) 
which we named plasticity-related gene-1 (PRG-1; GenBank acc. #, submitted). This, gene 
encodes a yet uncharacterized member of the LPP-1 membrane-associated phqsphatic acid 
phosphatase ecto-enzyme family. These molecules have 6 membrane spanning domains with 
their active site located on the external surface of the plasma membrane. They have 
increasingly attracted interest because they are involved in modulating the specific signaling 
of bioactive lipid phosphates such as phosphatidate (PA), lysophosphatidate (LP A) or 



-i- 

sphingosine-l -phosphate (S-l-P) in the context of cell migration, mutagenesis, and neurite 
.retraction (16 t 17, 18). It has been shown that^ signaling via extracellular LPA plays an 
important role in CNS development and that postmitotic neurons are at least one endogenous 
source for LPA in the nervous system (19). Similar to other members of the LPP-family, 
hydrophobicity analysis of PRG-1 predicts six N-tenninal membrane-spanning regions with 
highly conserved phosphatase domains. However, unlike any other member of this family, the 
second half of the protein consists of a long hydrophilic domain of around 400 aa (Fig. IB). 
According to the structural models of LPP orientation in the membrane, this C-tenninal 
extension is positioned on the cytoplasmatic site and might thus play a role as a regulatory or 
signal transduction domain. Besides the homology of the N-terminal part of PRG-1 to other 
members of the LPP-family such as LPP-1 and the Drosophila cell migration modulator 
Wunen, GenBank searches revealed only one other related gene (genomic DNA sequence: 
GenBank acc. # NP_079164), which we cloned and named PRG-2 (GenBank acc. #, 
submitted). This gene shares the same C-terminal extension with partial sequence homology, 
but shows a different expression pattern than PRG-i (data not shown). Thus, these genes 
represent a novel distinct subclass of the LPP-1 family. Amino acid residues which have been 
shown to be essential for ecto-enzyme activity in the LPP-1 class of proteins are conserved in 
PRG-1 N-tenninal sequences (Fig, 1A) (20, 21). Database^ analysis of the C-terminal domains 
did not detect any significant similarities to any other protein or any matches with known 
conserved domains (ProDom and Swiss-Prot databases). GenBank search for orthologous 
proteins show that both genes are highly conserved in mammals (human/mouse > 93%), and 
partial EST sequences indicate orthologous proteins in Xenopus and Zebrafish, whereas no 
significant homology for the C-tenninal part could be found in the Drosophila or other 
invertebrate genome. Northern blot analysis revealed one distinct band and shows that PRG-1 
mRNA expression is CNS-specific, with the exception of a weak expression in testis (Fig. 



IC). Thus, PRG-1 appears to be a novel vertebrate specific protein, selectively located in the 
brain-with putative phosphatase function. _ — 

In situ hybridization analysis highlighted tight regulation of PRG-1 transcripts in the 
developing hippocampus (1 J, 22). At embryonic day 16 (E16), no PRG-1 transcripts can be 
detected in the brain (Fig. ID). An expression signal first appears at El 9 in the sub ventricular 
2one and specifically in the hippocampal anlage, whereas other cortical regions do not show 
PRG-1 expression (Fig. ID). From postnatal stages on, PRG-1 mRNA is present in the 
hippocampus and in the entorhinal cortex throughout adult stages (Fig. ID). In the. dentate 
gyrus, a region bearing postnatally developing granule cells (25), weak PRG-1 mRNA 
expression is found in the infrapyramidal blade at PO, whereas the later developing 
suprapyramidal blade first showed expression signals at P5. This expression pattern remains 
unchanged during maturation; however, a reduced expression is apparent in the adult brain. 
We next analyzed PRG-1 mRNA expression following entorhinal cortex lesion which leads to 
a layer-specific denervation of the hippocampus followed by regenerative ingrowth of 
sprouting axons (J,. 14 t 27). PRG-1 is upregulated one day after lesion (dal) and peaks at 5 dal 
in the ipsilateral hippocampus (gel - 37%, hilus 300%, CA1 - 1Q0%, CA3 - 60%). The 
contralateral hippocampus (maximum by I dal, gel = 16%, hilus = 200%, CA1 - 59%, CA3 - 
46%), as well as the ipsilateral cortex, shows a strong upregulation of PRG-1 mRNA 
(maximum, by I dal 83%) (Fig. IE). 

Transfection studies using a PRG-1 construct tagged with the eGFP reporter gene reveals its 
processing in COS-7 cells through the Goigt apparatus (data not shown) to its final 
localization in the plasma membrane of small processes (Fig. 2A). To localize PRG-1 protein 
in vivo, we generated an antiserum against a peptide sequence from the cytoplasmic C- 
terminus of PRG-1 (IS). This antiserum specifically stains transfected COS-7 cells expressing 
PRG-l-eGFP fusion protein (Fig. 2A). Both Western blot and immunostaining could be 
blocked by specific peptide incubation prior to the antiserum (data .not shown). 



Jmmuncytochemical staining of rat hippocampus reveals PRG-1 specifically in-neurons (Fig. 
2B)SJ5). Five days after entorhinal cortex lesion, a clear immunqreactive PRG-1 positive 
band appears in the denervated outer molecular layer (Fig. 2B), apparently representing single 
axonal processes which form terminal branches (Fig. 2B). To show that PRG-l is indeed 
localized in regrowing axons following lesion, we performed an ultrastructural analysis. 
Immunoreactivity could indeed be localized to growth cone-like axonal structures in the 
denervated zones of the hippocampus (Fig. 2C). 

Members of the LPP-family are known to dephosphorylate extracellular phospholipids such 
as lysophosphatidic acid (LP A). To study the phosphatase activity of PRG-1, we chose LP A 
as a simple phospholipid that has properties of an extracellular neurite repellent factor (16, 
29). It is present in the extracellular space of the central nervous system (19. 30) and mediates 
diverse cellular responses through the activation of multiple signal transduction pathways (77, 
24). One major structural effect of LP A on neurons is rapid neurite retraction with subsequent 
cell rounding. In order to provide evidence that PRG-1 is involved in axonal outgrowth during 
hippocampal development, we studied the effect of PRG-1 expression on LPA induced 
neurite retraction in living brain tissue. In vivo, axons start to grow from the entorhinal cortex 
towards the hippocampus at about El 9 (3), which is parallel to the developmental onset of 
PRG-1 expression (Fig. ID). Thus, we compared the response of entorhinal explants obtained 
before PRG-l expression (at El 6) to that of postnatal explants which express PRG-l (75). 
Both embryonic and postnatal explants grow equally well under serum-free culture conditions 
and show long extending axons. However, their response to LPA differed dramatically (Fig. 
3 A). Whereas application of 10 uM LPA leads to rapid neurite retraction in embryonic 
entorhinal explants (El 6; n - 32), postnatal explants (P0; n = 36) did not differ significantly 
from vehicle treated control cultures (Fig. 3B). These experiments indicate that postnatal 
entorhinal axons expressing PRG-1 are resistant to LPA-induced neurite retraction. To test if 
differential PRG-1 expression is directly responsible for these effects, we expressed PRG-1 



protein in neuronal cell .lines known to show a rapid retraction of their processes in response 
to LP A. N1E-1 15 cells are uniformly sensitive taXEA-induced growth cone collapse (Fig. 4). 
Expression oTPRG-l in^ew : c^te-^sil^^^^'-g»^-cpi»s resistant t o jJA-mfrccdi 
collapse (Fig. 4; lSy. Transfection with a control vector solely containing the reporter gene 
does not alter the LPA-induced responses (Fig. 4). Moreover, analysis of stress fiber 
formation by pballoidin staining revealed prevention of LPA-induced actin-polymerization 
(77) in PRG-l oyerexpressing cells when compared to controls (data not shown; 15). These 
data directly demonstrate that PRG-l expression interferes with LPA-mediated signaling, thus 
preventing neurite retraction (Fig. 4B). 

Sequence alignment analysis revealed that the catalytic domains of lipophosphate phosphatase 
activity of the LPP family are conserved in PRG-l. These domains catalyze the conversion of 
phosphatide acid to diacylglycerol and inorganic phosphate, and are postulated to function 
.both in lipid biosynthesis and in cellular signal transduction (25. 26). In order to confirm a 
phosphatase action, of PRG-l, we exchanged the conserved catalytic hisudm (Jfts-252) with 

. lysine by site, specific mutagenesis^/.*). This exchange has been shown to completely abolish 
enzymatic function of the catalytic center , of LPP-1 (18). The same exchange abolished germ 
cell guiding activity of the Drosophila Wunen protein (2 J). Transfection of this construct into 
NlE-115 ceMs no longer prevented LPA-induced retraction of processes as achieved by the 

- wt-construct. These findings provide evidence for the fact that the conserved enzymatic 
domain present in the LPP-1 family is necessary for attenuating LPA-induced neurite 
retraction (18). 

■ In this study, we describe the. identification and functional characterization of a novel lipid 
phosphate phosphatase, PRG-l, mat is specifically expressed in neurons. PRG-l is 
upregulated during hippocampal development only after El 9 and following ECL, both 
periods characterized by active axonaT outgrowth. Since embryonic neurons, at a tune point 
before their outgrowth from the entorhinal cortex, lack PRG-l expression, it appears to be the 



onset of PRG-1 expression on entorhinal axons that allows them to elongate just after birth 
and -thus penetrate a LPA-rich environment. Moreover, upregulation of PRG-1 expression in 
rcgrowing axons following ECL occurs at a post-lesion time point when fibers from the 
reinnervating associational/commissural tract commence to . invade into the denervated 
entorhinal termination zone {16, 17. 29).. In addition, the subcellular localization to axons and 
growth cone-like structures strengthens the concept that PRG-1 plays an important role in 
axon growth both during development and regenerative sprouting. 

LPA is present in the. extracellular space {19. 30) and is known to act via lysophosphatidate 
receptors (EDGs), involving intracellular activation of small G-proteins that mediate neurite 
retraction {24. 28, 29). Our in vitro studies suggest that PRG-1 antagonizes the activation of 
EDGs, presumably by reducing the local concentration of active phospholipids surrounding 
axonal growth cones (see schematic diagram). La fact, a mutant PRG-l protein lacking a 
critical residue in the active site, was no longer able to protect from LPA-induced neurite 
retraction. This indicates that PRG-1 expression is a prerequisite for developmental axon 
growth and regenerative sprouting! This way, PRG-1 is able to regulate activation of 
lysophosphatidate receptors (EDGs) and thereby modulate axonal outgrowth. Therefore, our 
data provide evidence for a novel mechanism of axonal outgrowth through the phospholipid- 
rich environment during development and following brain injury. 
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Figure legends: : 

Figure 1: 

PRG-1 mRNA expression is brain-specific. 

A. Human PRG-1 amino acid sequence (GenBank acc. #, submitted ). The first 300 aa are 
highly conserved to LPP family members. The other 400 aa (blue boxed sequence) of PRG-1 
show no homologies to known sequences. The catalytic histidin (His-252) conserved in all 
members of the LPP-superfamily is marked with an . asterisk. We exchanged this, amino acid 
with lysine to study the functional consequences. B/.Hydrophobicity profile of the PRG-1 
protein predicted by the'Kyte and DooJittle algorithms. Numbers in the bottom refer to amino 
acid residues from the amino terminus. Blue boxed area of PRG-1 is predicted as hydrophilic 
and located in the cytosol! C. Northern blot analysis of PRG-1 mRNA shows a single 5.5 kb 
band in brain jind in testis. D. Expression pattern of PRG-.1 mRNA in the developing and 
lesioned rat brain.- At embryonic day 16 (El 6), no hybridization signal can be detected (right 
side). Toiuidine blue staining of the same.section is shown on the left side. On E19, a strong 
hybridization signal is detectable in the subventricular zone and specifically in the CA1-CA3 
principal layer of the hippocampus. Toluidine blue staining of this section is shown on the left 
side. . From the day of birth to adulthood, PRG-1 mRNA is present in all principal layers of the 
•hippocampus and entorhinal cortex. ..After entorhinal cortex lesion, PRG-1 mRNA is 
significantly upregulated in all areas of the ipsilateral hippocampus (1 - 5 dal), in the 
contralateral hippocampus (1 dal) and. in the ipsilateral cortex (1-5 dal). Statistical 
differences from respective controls are marked with ah asterisk (mean ± S.D.; n = 6), ** P < 
0.001; two-tailed t test with Bonfenroni correction for multiple comparisons. (E.) . hi = 
hippocampus; LV = lateral ventricle; LP ^ lateral posterior thalamic nucleus; LD = 
laterodorsal thalamic nucleus; btp = basal telencephalic plate f posterior part; CA1 - comu 
ammonis; DG - dentate gyrus; RSG = retrospleniai granular cortex; dal - days after lesion; 



Scale bar in E19 equals 850 (im and also applies to El 6. Scale bar in P30 equals 740jim and 
-also-applies to P0-P15. Scale bar in 1 dal equals 5jQ0 |xm and also applies to adult. 

Figure 2: 

PRG-1 is expressed in cellular processes and in hippocampal neurons. 

A. Overexpressifcn of PRG-l-eGFP fusion protein (green) in COS-7 show localization, iii 
cellular processes. The same subcellular expression pattern can be detected with the 1 anti 
PRG-1 peptide antibody (red), Colocalization of PRG-l-eGFP and anti PRG-i shows 
overlapping in the transfected COS-7 cells, and in their processes (marked with white arrows). 
Scale bar, 10 p.m. B. Immunocytochemical analysis of PRG-i in the adult rat hippocampus 
and after lesion. Pyramidal neurons are labeled in the CA1 and CA3« region. Polymorphic 
cells are stained in the hitus; Granule cells of the dentate gyrus are also immunopositive. Five 
days after lesion (dal), a specific increase of irrununoreactivity is apparent as an 
immunopositive band in the outer molecular layer (oml; marked with black arrows). Higher 
magnification from the boxed area shows immunostained axons (marked with black arrows) 
and their terminal branches (white arrows), gel - granule cell layer, hi — hiius. Scale bar 
equals 580 ^im and also applies to adult.. Scale bar in 5 dal oml equals 20nm. C. Electron 
micrograph of a PRG-1 immunopositive axon (delineated by black arrows) with its terminial 
branch (delineated by red aixows) 5 dal in the oml Afferent elements including spines are 
devoid of PRG-1 immunostaining. ax = axon, s = spine. Scale bar equals 0.4 nm. 

Figure 3: 

Developing entorhinal axons are differentially affected by LP A. 

A. Images of representative explants from the rat entorhinal cortex at embryonic day 16 

(E i6) and postnatal day 0 (P0) (outgrowing axons marked with white arrows) used to analyze 

the effect of LPA on neurite retraction. Explants of entorhinal cortex at E16 lack. PRG-1 



expression, while explaftts at PO show high PRG-1 expression levels. The explants were 
treated with iO \iM LP A or vehicle (0.$°/o NaCljLfor 10 min. Scale bar equals 20 nm. B, A 
scoring system with three different degrees of neurite extensions was used to asses the LP A 
effect (1: no extensions; 2: short processes; 3: long processes). Experiments were analyzed by 
three independent observers in a blinded fashion. El 6 explants (n = 20)' show significant 
retraction after treatment with LPA in contrast to postnatal explants (n = 22). Statistical 
differences- from controls are marked with an asterisk (meani + S.D.; explants from three 
independent set of experiments in total: E16, n = 36; PO, n = 38) f *P' < 0.05; two-tailed t test 
with Bonferroni correction for multiple comparisons). 

Figure 4: 

PRG-1 protects from LPA-induced retraction 

A. Cell rounding and neurite retraction in response to LPA in N1E-1 15 cells (wild type = wt); 
N.1E-115 cells were! transfected with PRG-l-eGFP fusion construct. For controls, the pEGFP- 
Nl vector was used. The enzymatic domain of PRG-1 was altered by exchange of the 
catalytic histidin (aa 252) by lysine (PRG-1 Hi5/l * s ). Controls transfected with pEGFP-Nl 
show retraction of neurites and cell rounding after exposure to 10 LPA. PRG-l-eGFP 
transfected cells treated with 10 j^M LPA for 10 min show no retraction of processes (marked 
with white arrows). Transfection with the same vector bearing the His-Lys exchange in the 
catalytic histidine (PRG-1 Hi&/L °*) no longer attenuated the LPA induced retraction. Panels, on 
the left show transfected cells, panels in the middle show nuclear staining (Hoechst staining, 
Roche, Germany), and panels on the right show merged images with f-actin staining. Scale 
bar equals 20 (im. B, A scoring system with three different levels was used to asses neurite 
outgrowth (1: cell rounding; 2: short processes; 3: long processes). The results from three 
independent set of experiments (one set with n « 40 for each group) were evaluated by three 
independent observers in a blinded fashion. Statistical differences from controls are marked 



with an asterisk (mean ± S£>.)» *P < 0,05; two- tailed t test with Bonferroni correction for 
-multiple comparisons). . _ . 

Schematic diagram of the proposed axon growth mechanisms in a phospholipid- 
enriched environment (f£ . 5 ) 

Axons that are sensitive to a repulsive phospholipid but do not express PRG-1 are unable to 
cross a phosphohpid-rich barrier. In contrast, PRG-1 expressing neurons can grow through a 
phospholipid-rich zone by locally depleting the extracellular pool of repulsive phospholipids 
acting as ligands on EDG receptors. This way, PRG-1 may regulate the activation of EDG 
receptors and thereby modulate axonal outgrowth. . 



Supporting Online Material 
Material and Methods 

Animals and surgery 

All animals were housed under standard laboratory conditions, and the, surgical procedures 
were performed in agreement with the German law (in congruence with 86/609/EEC) for the 
use of laboratory animals. All efforts were made to minimize the number of animals used, and 
all surgical procedures were performed under sufficient anesthesia to minimize animal 
suffering. 

The experimental procedures are described in. detail in Brauer et al., 2001 (SI). 
Suppressed Subs traction hybridization 

We used the SMART cDNA technology from Clontech to generate high yields of full-length, 
double-stranded cDNA from adult, control and lesioned hippocampus rat UNA. To develop 
the substraction library, we used the Clontech PCR-Select cDNA Substraction Kit We used 
the Clontech PCR-Select differential Screening Kit to analyze the differential expressed 
cDNAs 

In situ hybridization and quantification 

For hybridization, we used an antisense oligonucleotide (5*- GCA GAG GTC TGA ATT 
CTA. GTG TCT ATC GTT ATA GTT.CCT TAA CAG TGT GGG -3') complementary to 
bases 425 - 475 of a rat EST cDNA clone (GenBank acc. AW 526088.1). The oligonucleotide 
was synthesized by Metabion (Munich, Germany). The specificity was confirmed by a 
BLAST GenBank search to rule out cross-hybridization to other genes. ' 
We used the protocol as described by Brauer et al., 2001 (SI). 



Antibody generation and immunohistochemistry 

-To -design a peptide antibody against PRG-1 we used, a sequence in the hydrophilic C- 
terminal region. The peptide (NH 2 -CVGVNGDHHVPGNQ-COOH), representing amino 
acids 490 - 507 of the PRG-1 rat sequence (GenBank acc. # submitted), •Was synthesized by 
BioGeues (Berlin, Germany). The ammo-terminal cysteinyl residue, which is not part of the 
PRG-1 sequence, was included for conjugation of the peptide to a carrier protein. The peptide 
was conjugated through the cysteinyl sulfhydryl to maleimidc activation (keyhole limpet 
hemocyanin). Rabbits were also immunized by BioGenes. The specificity of the peptide 
antibody against PRG-1 was further tested on Westem-Blot and on brain sections by blocking 
via peptide incubation prior to adding the antiserum. The protocol for .the 
immunohistochemistry is described in detail by BrSuer et ah, 2001 (S2). 

Subcellular localization 

PRG-1 tagged with the eGFP reporter gene was used to identify the subcellular localization. 
Golgi apparatus was visualized with the cell tracker BODYPY ceramide (Molecular Probes, 
Netherlands). The staining protocol was obtained from Molecular Probes. 

LPA induced neurite retraction in explants 

Entorhinal explants from E16 and P0 rat pups were obtained from timed-pregnant Wistar rats 
and was cultivated as described (S3). In brief, entorhinal cortex were carefully dissected from 
the hippocampal anlage and the meninges were removed. Explants were gently transferred 
with a fire-polished Pasteur pipette into 12-well plates and cultivated on baked glass cover 
slides coated with laminin and poly-L-lysin (25 ng/ml and lOjig/ml, respectively) in culture 
medium containing selenium-defined fetal bovine serum [5%] (S4) (Neurobasal medium plus 
25 iig/ ml Penecillin/Streptbmycin; B-27 supplement). After 24 h, culture medium was 
exchanged and cultivation was further performed in serum-free Neurobasalmedium for 20 h. 



Serum-starved explants were treated with oleoyl-LPA for 10 min and then fixed in 4% 
.paraformaldehyde for 20 min. For F-actin staining; fued_ tissues were incubated with FITC- 
phalloidin (0.1 ug/ml, Sigma, Germany) for 40 min, followed by incubation with HOECHST 
33258 dye for 5 min at room temperature. After three washing steps in PBS, explants were 
coverslipped with hnmuMount (Merck, Germany) prior to analysis. For quantification, a scale 
score system with three degrees of explant axon outgrowth was used: 1=* no extensions; 2 =* 
. short processes; 3 = long processes. 

Site-directed mutagenesis of PRG-1 HIS/LYS 

The rat PRG-1 full length clone was amplified by Marathon PCR (Clontech, USA) from adult 
rat hippocampus RNA (GenBank submitted). For transfection studies, the full length PRG-1 
coding sequence was fused to EGFP (pEGFP-Nl vector Clontech, USA). The PRG-1 H ^ Lyfi 
exchange mutant at the catalytic histidin (His-252) was introduced in the same protein fusion 
vector by site specific mutagenesis (CAT to AAG). 

LPA induced neurite retraction and protection in N1E-115 cells 

ttlE-115 mouse neuroblastoma cells (ATCC: CRL-2263) were routinely grown in DMEM 
medium supplemented with selenium-defined fetal bovine serum (10%). The cells were - 
seeded on baked glass cover slides at a density of 10,000 cells/ cm 2 . The next day, cells were 
transfected with the cationic lipid procedure (FuGene6, Roche, Germany) and cultivated for 
24 hu Serum-stayvation. was performed for 20 h in DMEM medium, followed by treatment 
with 10 yM oleoyl-LPA or vehicle (0.9% sodium chloride) {29). After 10 min, cells were ' 
fixed in 4% paraformaldehyde for 20 min at room temperature and analysis was done under 
an Olympus BX-50 microscope. For quantification, we used a scoring system in accordance 
with Ebens et al. (1996, S5) with three degrees of explant axon outgtowthrl - cell rounding; 2 
= short processes; 3 = long processes. 
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j 3190 3200 .3210 3220 : 3230 334CX 

tagaaatatc ttcagtgaaa gggaateaace agtacttttc tgcatagctt ttcrttctgcc 
3250 3260 3270- —3280 3290 .3300 

taccctttat ttaagtatag gtactgctaa- tgaatcrgtc ttcttjagtga gnaaattfcgc * 

3310 . 3320 3330 3340 3350 3360 

ataatttcac aaatatcatt xcagagaatc tcttgaaatt gtcgcgacca tattttgctt 



. 3370 . , 32(80 3410 3420 

tctatggctt ctccttaace tatcgatcaa ctxtttgaag ttatagatat gfcteccctat 

3430 344 0 3450 3460 347Q 348O 

tteaaaagea aaaataacaa ttgacattcc ttgagcaaaa tatactgctg rgaactegca 



3490 3500 3510. 3520 3530 3540 

aacaagaaac csgagccaaa acccgacatt: gtgggttaca tfcgccagaaa cgtcggceaa \ 

3550 3560 3570 3580 3530 3600. 

gtxtgccccc agatgtctac aactagctgg cataggttge catctcaaea agtaatetata 
3610 3620 3630 3640 3650 3660 

aagtcccatt cggtrtccaca ctattaactt tttttttcta tatcctgatg accagtaaat 
3670 ' 368Q 3630 3700 371.0 *' 3720 

tagagccaca cfcggtscaagt ttgactagtc cctaaaacgt: ttetgtcaac tggacaccaa 
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4450 4460 .4470 4480 4490 4S00 

ttcaggtgca .gcatgatatt tcctaatctt tcctatttct taacaaaaga ttfctaaagta 
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4870 4880 4890 " 4900 ; 4910 4920. 
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430 ' 5.00 510 .520 530 540 

ggcctgcgcg ccacagccet ggtgacggac gtgaccaagc tggccacggg ctaccacact 
j 550 5£0 570 580 590 600 

| cccttcttcc tcaccgtctg caagcccaac tacactctcc tgggcaegtc ccgcgaggtc ^T^ft \V\ 

j 610 620 630 640 650 660 ^ ^ ^ U 

aaoccctaca tcacgcagSra catcfcgct.cc- ggccacgaea tccacgccat cctgtctgca 

670 660 690 700 710 720 

cggaagacct tcccgtceca gcacgc'caog ctgteagect tcgccgcggt; cratgtgtcg 

730 .7*0 750 . 760 770 , 780 

gtga^tccgg caeeccacxg cccttcccag gcectcccgc tgacecgtgg ggagccctcc 

790 800 810 820 830 840 

ctgaccccaa cccccatgcc ccagangtac tteaactcgg tcacctcgga caccaccaag 
$50 860 870 880 890 . 900. 

ccgctgaagc ccatcctggt cctcgoottt gccatcgccg egggcgtatg cgggctcaog 
910 920 930 .940 950 960 

cagaccacgc agtaccgcag ccaccctgtg gacgtgtatg ccggctccct catcggggcg 

970 980 990 1000 1010 1020 

ggcatcgctg. cctacctggc ccgaaacgcg gtgggcaacc roaaggcccc acctgcagag 

1030 1040 1050 1060 1070 1080 

aagcccgcgg cccoggccqc cgccaaggao gagctgcggg ccctgacgca gcggggooac 

1090' , 1100 1110 1120 1130 . 1140 

gactoggrct atca.gcagaa taagtcggtg agcaccgacg agctggggcc pccagggcgg 

11S0 1160 1170 1180 . 1190 1200 

ctggagggcg cgccccggcc cgtggcccgc gagaagacct cgctgggcag cccgaagcgc 

1210 1220 1230 1240. 12S0 1260 

gccagcgtgg acgtggacct gctggccccg cgcagcccca tggccaagga gaacatggtg 

1270 1280 1290 1300 1310 1320 

accttcagcc acacgctgcc cagggccagc gcggccccgc 1 rggacgaccc cgcgcgccgc 

1330 1340 1350 1360 1370 1380 

cacargaoca tccacgtgcc gccggacgcc tcgcgctcca agcagcccat cagcgagtgg 

1390 1400 1410. 1420 1430 1440 

aagcagaaga gcccggaggg ccgcggcctg. gggctgcccg acgacgccag ccccgggcac 

1450 1460 1470 1480 1490 1500 

ccgcgcgcgc ccgccgaacc catggcggag gaggaggaag aggaggagga cgaagaggaa 

1510 1520 1S30 1540 1550 1560 

gaggaggagg aggaagagga ggaggacgag_ ggcccggccc cgccctcgct ctaccceacc 

1570 . 1580 1590 Jk 6 ? 0 3LS10 1620 ~~ 

grgcaggcgc ggccggggcc ggggcctcgg gccatccrtcc caccgcgcgc ggggccgccg 

1630 1640 1650 1660 1670 1680 

ccgcnggtgc acacccagga ggagggcgcg cagacggggg ccggcctgtc eeccaaaagc 



-2q~ 

1*90 17100 _ _ 1730 1740 

ggcgccgggg cgcgcgodaa gtggctcatg atggccgaga agagcgggge ggcagtggce 

-l^SU — 1350 : 1-7,7-0 : — 1-78-0 —1730 1-80-0- 



.aaccctccgc ggcfcgctsca ggtcaecgcc atgcccaagg ctccgggcgc gccgggcccc 

1310 .1820 1830 1840 18S0 i860 

aaggcggccg agacggcgtc gccgtccagc gcsagatcag actcctcgca gtaccggtcg 

.1870 18J80: 2.890 1900 "\ 1910 1920 

ccgccggacc gcgactccgc cagcatcgtg accafccgacg cgeaegegce geaccacccc 

1930 1340 19S0 I960 1970 ~ 1980 

gtggtgcacc Cgtcggccgg cggcgcgccc tgggagcgga aggeggcggg cggcggggcc 

1990 20100 2010 2020. 2030 2040 

aaggcggagg. ccgacggcgg ctacgagccg ggggacctgg cgcgcggctt ccgeggcggg 

20S0 20*0 2070 2080 2090 2100 ' 

gccaagcccc cgggcgtgjtc ccccggctcg tcggtcagcg acgtggacca ggaggagccg " ^ 

2110 2130 2130 2140 2150 ~ 2160 S^TGl \tS 

cggfc.tcgggg cegtggccsac cgccaacctg gceacgggcg aggggccgcc cccgctgggc 

2170 23J80 2190 22<>0 2210 2220 V\ O \ Q 

gcggccgatg gggegctgigg cccgggcagc cgggagteca cgetgcggcg ecacgcgggc 

2230 2240 22S0 . 22SO . 2270 2280 

ggcccggggc. tggcggagcg cgag^cggag gcggaggccg agggctactt ccgcaagatg Co^V^u^cka 

2290 t 23Q0 2310 2320 2330 23*0 

caggcgcgcc gcttccccga ctagcgcggc ggggccgggg gogggc^ggg ggcgggce^a 

2350 2360 2370 2380 2390 2400 

gggcgcgggc ggccgc . . . . ■ 
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Claims 



1. An isolated polypeptide comprising the same or substantially the same amino acid se- 
quence selected from the group consisting of SEQ ID NO: 1-4, or a splice variant or a salt 
thereof. 

2. A partial peptide of the protein according to claim 1, or a salt thereof. 

3. A DNA which comprises a DNA encoding the protein according to claim 1 and/or 2. 

4. A DNA according to claim 3 selected from the group consisting of SEQ ID NO:5-6. 

5. A recombinant vector which comprises the DNA according to claim 3. 

6. A transformant transformed with the recombinant vector according to claim 5. 



7. A method of producing the protein or its salt according to claim 1 5 which comprises cul- 
turing the transformant according to claim 6, and producing an accumulating the protein ac- 
cording to claim 1 . 

8. An antibody to the protein according to claiml, the partial peptide according to claim 2, or 
a salt thereof. 



9. A method of determining a ligand to the protein or its salt according to claim 1, which 
comprises using the protein according to claim 1 or the partial peptide according to claim 2, 
or a salt thereof. 



10. A pharmaceutical composition comprising a polypeptide and/or DNA according to one of 
the claims 1-5. 
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Outgrowth of axons in the central nervous system is governed by specific molecular cues. 
Molecules detected so far act as iigands that bind to specific receptors. Here, we report on a 
novel membrane-associated lipid phosphate phosphatase we named plasticity-related gene- 1 
(PRG-1), which facilitates axonal outgrowth during development and regenerative sprouting. 
PRG-1 is specifically expressed in neurons and is located in the membranes of outgrowing 
axons. There, it acts as an ecto-enzyme and attenuates phospholipid-induced axon collapse in 
neurons and outgrowth in the hippocampus. Thus, we unraveled here a novel mechanism by 
which axons are able to control phospholipid-mediated signaling and overcome the growth- 
inhibiting phospholipid-rich environment of the extracellular space. 
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